The specific activity, substrate profile, response to inhibitors, inducibility, and cellular localization of the beta-lactamase produced by an ampicillin-resistant strain of Haemophilus influenzae type B were investigated. In these properties the enzyme resembles f-lactamases produced by other gram-negative bacilli more closely than those produced by gram-positive organisms. It is quite similar to an enzyme found in strains of Klebsiella pneumoniae, and differs significantly from those described in other gram-negative bacilli. Comparison of the substrate profile with the minimal inhibitory concentrations of various FB-lactamase antibiotics suggests that the ,B-lactamase plays an important role in the antibiotic resistance of this organism.
During the past few years, cases of meningitis due to ampicillin-resistant strains of Haemophilus influenzae type B have been reported from California (10), Maryland (13) , Georgia (15), the District of Columbia (9) , Texas, Florida (1), and from Wolverhampton, England (3) . Four strains isolated in the District of Columbia were reported to produce a ,8-lactamase (9) . The unexpected occurrence of ampicillin resistance associated with ,3-lactamase activity in this species, strains of which had previously been uniformly susceptible to this antibiotic, raised the possibility that this organism might have acquired a plasmid mediating production of ,B-lactamase. This study was therefore undertaken to characterize the Wl-lactamase activity of an ampicillin-resistant strain of H. influenzae, and to compare this enzyme with /B-lactamases of other bacterial species which might represent the source of its genetic determinants.
MATERIALS AND METHODS Source of organisms. The ampicillin-resistant strain of H. influenzae type B studied (strain W-2) was isolated from a 4-month-old child with meningitis admitted to Grady Memorial Hospital in December 1973 (14); it was kindly provided to us by Andre' J.
Nahmias of Emory University, Atlanta, Ga. Criteria for identification of this organism as H. influenzae type B included morphology (gram-negative coccobacillus), growth on chocolate agar but not on sheep blood agar, satelliting around Staphylococcus aureus on sheep blood agar, and agglutination by commercial type B antiserum but not by antisera of other H. influenzae types. For comparison, certain of these studies were also carried out on a typical ampicillinsensitive strain of H. influenzae type B (control strain) isolated at the Medical University Hospital, Charleston, S. C., kindly provided by E. R. Bannister.
Growth conditions. One of the f6llowing media was used for growth of the organisms in all experiments described in this paper: (i) Trypticase soy agar supplemented with bovine hemoglobin (1%) and IsoVitaleX (BBL) (1 ml/100 ml of agar)-enriched TSA, (ii) brain-heart infusion broth supplemented with hemin. (10 pg/ml), 1-histidine (10 jug/ml) and IsoVitaleX (1 ml/100 ml of broth)-enriched BHI.
Cultures on solid media were incubated in a CO2
incubator (CO. concentration 3 to 5%); cultures in broth were incubated in air in a shaking water bath.
Preparation of fi-lactamase. Efforts to detect ampicillin-susceptible variants. Since it was considered possible that the ampicillin resistance of strain W-2 was determined by genes located on a plasmid, ampicillin-susceptible variants occurring either spontaneously or after exposure to ethidium bromide (2) were sought. To look for spontaneous loss of ampicillin resistance, an overnight culture of strain W-2 in enriched BHI was plated onto enriched TSA and incubated overnight. Isolated colonies were transferred with sterile toothpicks to both drug-free plates of enriched TSA and plates containing ampicillin, 5 ug/ml. The plates were incubated overnight and examined for colonies which grew on drug-free plates but not on ampicillin-containing plates.
In an effort to "cure" organisms of plasmids conferring resistance to ampicillin, strain W-2 cells were exposed to ethidium bromide as described by Bouanchaud et al. (2) . An overnight culture in enriched BHI was diluted 1:100 and inoculated into tubes of enriched BHI containing 2-fold dilutions of ethidium bromide. After overnight incubation optical density (at 620 nm) was measured to determine the MIC of ethidium bromide. Cells exposed to this concentration, and to 2-fold higher and lower concentrations of ethidium bromide, were plated onto enriched TSA. After overnight incubation colonies were transferred to drug-free and ampicillin-containing plates which were incubated overnight. These were examined for the presence of drug-susceptible variants as described above.
RESULTS
Production of #l-lactamase activity by Table 3 . Among the anti-staphylococcal penicillins, the isoxazolyl penicillins (oxacillin, cloxacillin, and dicloxacillin) were relatively ineffective as inhibitors of,B-lactamase activity, whereas methicillin and nafcillin showed considerably more effect. pCMB was not a potent inhibitor of the ,B-lactamase activity of this organism.
Susceptibility to ,8-lactam antibiotics. The MIC of various ,B-lactam antibiotics for strain W-2 and the control strain are shown in Table 4 . A general correlation was found between the increased resistance of strain W-2 to certain antibiotics, as compared with the control strain, and the susceptibility of the various antibiotics to hydrolysis by the j3-lactainase. Strain W-2 was 250 times more resistant than the control strain to penicillin G, and 600 times more resistant to ampicillin. These two drugs were the most rapidly hydrolyzed of those tested. Little difference in susceptibility between W-2 and the control was found with the anti-staphylococcal penicillins and the cephalosporins; except for cephaloridine these agents were hydrolyzed only slowly or not at all.
Search for ampicillin-susceptible variants. Examination of approximatelv 1,500 colonies from organisms grown in drug-free enriched a In experiments in which anti-staphylococcal penicillins were used as inhibitors, reaction mixture contained 3 x 10-' mol of inhibitor and 3 x 10-5 mol of substrate (penicillin G). pCMB was used at a concentration of 5 x 10-4 M.
BHI, and approximately 2,800 colonies from organisms exposed to ethidium bromide, failed to reveal any ampicillin-susceptible variants.
DISCUSSION
In several respects (intracellular localization, total enzyme activity produced, substrate profile, and lack of inducibility) the ,B-lactamase found in this ampicillin-resistant strain of H. influenzae resembles enzymes found in other species of gram-negative bacilli more closely than those found in gram-positive organisms (4, 11, 12) . We have recently investigated the properties of ,B-lactamase enzymes in several species of gram-negative bacilli (unpublished data). The substrate profile of the fl-lactamase of H. influenzae W-2 (broad-spectrum penicillinase/cephalosporinase activity) is similar to that which we found in enzymes of Escherichia coli, Klebsiella pneumoniae and Proteus mirabilis. However, unlike the Haemophilus enzyme, the enzymes found in P. mirabilis were inhibited by cloxacillin, and those found in E. It seems likely that elaboration of ,B-lactamase plays a major role in the resistance of strain W-2 to ,B-lactam antibiotics, since the resistance of this strain to penicillin G and ampicillin, the two drugs most effectively hydrolyzed by the enzyme, was several hundredfold greater than that of the control strain. That this resistance is significant at the clinical level is evident in the fact that several patients infected with these organisms have exhibited suboptimal responses when treated with large doses of ampicillin (1, 3, 9, 13, 14) , and three have died (9, 13) .
The finding that this organism was not more resistant than the control strain to cephaloridine, even though this drug was rapidly hydrolyzed by the W-lactamase, was not unexpected to us. Cephaloridine penetrates the cell surface of bacteria more readily than most other,-lactam antibiotics (5, 6) , and is lethal in low concentration to many,B-lactamase-producing strains of gram-negative bacilli (unpublished data).
Our studies were carried out on only one strain of ampicillin-resistant H. influenzae, and it is possible that other strains may differ significantly from ours. However, the limited data on -lactamase activity in strains of ampicillin-resistant H. influenzae isolated in Washington, D. C., reported by Khan et al., are entirely consistent with our findings (9) .
Our efforts to "cure" strain W-2 of resistance to ampicillin by exposure to Further studies to elucidate the mechanism of this transfer of resistance are in progress.
